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Abstract

The extraction of niobium (Nb) and tantalum (Ta) from hydrochlorid anedia
by bis(2-ethylhexyl) hydrogen phosphate (HDEHP) and bis(2-ethylhdxydrogen
phosphite (BEHP) was studied. The goal of the experiments fiadaa system that
demonstrates selectivity between the members of group five &fetedic Table and is
also suitable for the study of dubnium (Db, Z = 105). Experiments penformed at the
trace level (13° M Nb or Ta) using hydrochloric acid with concentrations ragdiom
1-11 M and short-lived isotopes of Nb and Ta produced in nuclear reactionsn W
HDEHP was used as the extractant, the Nb extraction yielcaks with increasing
acid concentrations above 6 M, while the amount of Ta extractednesaver 75% for
all acid concentrations studied. Tantalum was found to be extragt®EHP at acid
concentrations above 6 M, while niobium was not significantly exdactThe data
obtained are used as the basis to discuss the speciation of Nb amdef ghe conditions

studied and to evaluate possible extraction mechanisms.

1. Introduction

The chemistry of the group 5 elements [niobium (Nb), tantalum (Ta) and dubnium
(Db, Z=105)] at very low concentrations in aqueous solutions media iigteyest to
understand the roles that hydrolysis and relativistic effecisiplthe complex formation
of these elements. For example, Nb and Ta form chlorocomplexiae aglame type,
MClI;, in the absence of water. With the addition of water, the elsmadin to

hydrolyze in dissimilar ways [1, 2], leading to differencesamplex formation and in



Page 4 3/29/2010

extraction behavior. Understanding these differences is hinderedlgdiy the plethora
of species formed, but also by the tendency of Nb and Ta to formymbdar complexes
when macroscopic amounts of the metal are present.

Based upon previous experiments [3-8], Pershina has postulated that, in
hydrochloric acid (HCI), the change from cationic to anioniacigseoccurs between 5
and 7 M HCI for Nb and between 6 and 8 M HCI for Ta (See Fig. 1 )n [&ll-defined
chemical systems that probe the region where the complexesdfdiynéhe group 5
elements change from cationic to anionic can be used to study aodteveomplex
formation of the group 5 transactinide element, Db. It is pratli@E that relativistic
effects in the transactinide elements>(Z04) will lead to deviations from chemical
trends established by the lighter homologues in a periodic tabig,gas these effects
increase with Z of elements. To test for deviations, it is necessary to camibe
chemical behavior of the transactinide elements to that ofightet homologues in the
group.

Previous transactinide experiments with the chloride, bromide andidguor
complexes of Db (see [10] for a summary) have shown that Dimisnaber of group 5
and exhibits chemical behavior that is more similar to Nb and giiwitam (Pa) than to
Ta. However, the experiments were usually performed in mixdd@adia and/or under
conditions under which equilibrium was not assured, making interpretatithe results
difficult. It is preferable to concentrate on chemical systdrasdemonstrate selectivity
between the members of one group of the periodic table, yieddmation regarding

complex formation and reach equilibrium within a known time.
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Systems that are suitable for studying transactinide elenmemss fulfill three
main requirements. First, transactinide elements are prodatsd through the use of
nuclear reactions, typically with cross sections on the orderrad-rta picobarns. For
dubnium, this yields only a few atoms per hour, requiring one atartiate chemistry
as the dubnium atom will only interact with atoms of its surroundamgsnot with other
dubnium atoms. To obtain reproducible results, it is necessary to chpstees in
which the dubnium atom undergoes the same chemical reaction mtittipke Liquid-
liquid extraction is an example of such a system and has been usedsfulty to study
transactinides [11]. Second, in addition to the few transactinidesatbmterest, a large
excess of un-reacted beam, fission fragments and transfer fgdchm reactions with
the target or target backing are also created in the nudaatians. To investigate
differences in chemistry between the transactinide angyteer homologues, the use of
a physical preseparator to separate the element of inteyesthe transfer products and
un-reacted beam is advantageous prior to the chemistry set-uger ptiysical
preseparation, chemistry is no longer required to separate the @frmiprest from the
rest of the periodic table. ThirthDb, with a half-life of 34 s, is the longest lived isotope
of dubnium that has been confirmed in independent experiments. It risfotlee
mandatory for the system to reach equilibrium within 10 secondsngaree that
chemistry is completed before a majority of the dubnium atoms have decayed.

In this paper, we report on the liquid-liquid extraction of cyclofpooduced
isotopes of Nb and Ta from hydrochloric acid media by bis(2Histiyl) hydrogen
phosphate (HDEHP) and bis(2-ethylhexyl) hydrogen phosphite (BBEBIR function of

mixing time and acid concentration. Figure 1 shows the chésticetures of HDEHP
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and BEHP. In organic media, HDEHP predominantly acts as a catcamplex
extractor. The ligand also has a tendency to form dimers obllbeving type in organic
media [12]:

2HA ,, & H,A 00 1)

In contrast, BEHP extracts neutral complexes and exists @®r@omer in organic
solutions.

Extractions with HDEHP and BEHP have been previously investigasing a
variety of solvents and macroscopic quantities of Ta and tracatitiggof Nb [13-15].
However, to best replicate conditions under which dubnium will be studieis, i
necessary to use ‘carrier-free’ trace level amount®{° M) of Nb and Ta, formed in
these nuclear reactions, to avoid the formation of polymeric spibeiess often seen in
the elements. On-line studies using short-lived accelerabduped Nb and Ta were
performed at Lawrence Berkeley National Laboratory LBNL w®&stbreplicate the
experimental conditions present during a transactinide experiment.

2. Experimental
2.1. Materials

Bis(2-ethylhexyl) hydrogen phosphate (97%) and bis(2-ethylheltytjrogen
phosphite (96%) were purchased from Aldrich Chemical Company and sisededved.
Chloroform (ACS reagent>99.8%) was obtained from Sigma-Aldrich, Inc. The
hydrochloric acid (puriss.) used for the preparation of solutiossoltained from Fluka
Chemika and assayed at 37%.

2.2. Production and preseparation of short-lived Nb and Ta isotopes
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On-line experiments were performed at the 88-Inch Cyclotrioriaavrence
Berkeley National Laboratory (LBNL). Short livé#Ta (T, = 6.76 m) was produced in
the ***Snf’V,5n) reaction. The*Sef®0,p3n) reaction was used for the production of
89\b (T, = 14.5 m). Beam energies at the center of the target 21&r® MeV for
*y/H1* and 68.9 MeV for®0*, in the laboratory frame.

The >V or **0 beam passed through a (40-g§)cnt carbon vacuum window at
the entrance to the Berkeley Gas-filled Separator (BGS) aneghgible amount of
helium gas before entering the target. For the productidiii\i, a target of 384wg/cnt
"Se, deposited on 4@g/cn? C and covered with fg/cnf Au, was used. The typical
beam intensity of thé®0*" projectiles was 75 particle-nA. A 20-mm diameter self-
supporting 586:g/cnt %/Sn target was used for the production'@fa, with typical
W/H1* peam intensities of 25 particle-nA. Figure 2 contains a safierof the
experimental setup. The Nb and Ta evaporation residues (E¥&as)ig out of the
target were separated in the BGS from the beam and most @awaaiction products
based upon their differing magnetic rigidities in the 66-Pa Hd®BGS [16, 17]. The
magnetic rigidity for the Nb and Ta EVRs were estimategreviously described [18]
and experimentally determined to be 0.95 and 1.59 T-m, respectivelgr tsveling
through the BGS, the recoiling atoms were slowed down by passimggtha 3.3i4m
Mylar window at the entrance to the 40 mm-deep Recoil Transfemdra(RTC) [19,
20]. The EVRs were then thermalized in approximately 1.3 bar lafnnegas in the
RTC. Due to the larger momentum of ¢ beam, the Ta EVRs have a larger kinetic

energy than the Nb EVRs. To account for this the Ta EVRs deggegded by passing



Page 8 3/29/2010

through an additional 6.0m thick Mylar foil prior the RTC window, to ensure that they
were thermalized in the RTC.
2.3. On-line extraction Experiments

Helium gas at flow rates of 1.6 - 1.8 L/min was seeded with potasshloride
aerosols prior to entering the RTC. The aerosol particles pvedkiced in an oven at a
temperature of 650 °C. After thermalization in the RTC, the EW&® captured on the
aerosols and transported through a 2-mm i.d. and ~20 meter longssatéel capillary
to the chemistry setup. The transport efficiency of the glasystem was determined to
be ~70% in separate experiments [21].

The aerosol particles containing the EVRs were deposited oh@atalum foils
at the exit of the gas-jet capillary. The aerosols whkogved to collect for 10 minutes
and then the collected KCI was dissolved in 1@0of hydrochloric acid (HCI). The
solution was then transferred to a centrifuge cone containing amadtdB900uL of the
same acid solution. The amount of Nb and Ta transferred into the 40@queous
phase from the aerosol residue was determined to b&®~+hbles, giving a metal
concentration of I6° M in the aqueous phase prior to mixing. An equal volume of
0.01 M HDEHP or 0.01 M BEHP in chloroform was added to the aqueous solution and
the two phases were mixed for up to 90 s using a vortex miXxEne samples were
centrifuged for 20 seconds and a 3 mL aliquot of each phase was removed for assay

To minimize the effect of variations in sample geometry andctiat efficiency,
both aliquots were assayed using the same HPR(gy detector. The first sample
measured was usually the aliquot containing the smaller fractiblbb of Ta to minimize

statistical error due to decay. Each aliquot was counted for 4enimuth a 15 seconds
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interval allotted for changing the samples. Due to the shislives of the nuclides, the
data obtained from the second aliquot measured had to be corfectéecay. Five
parallel experiments were performed for each acid concemtrair mixing time.
Extraction yields were determined using:

[Me]org
[Me],, +[Me],,

E(%) = x100 (2)

where E(%) is the percentage of the metal ions in the orgaasephRelative metal
concentrations in each phase were determined by-tthg radioactivity in each sample.
Final values for the extraction yield at each set of conditicere determined by taking a
weighted mean of the values for the five samples. The emaerdetermined from the
statistical counting uncertainty using standard error propagatmmitpies and the
results are reported at the one sigma level.

To determine the role that adsorption to the surface of the vigdglthe yield of
Nb and Ta for each trial was normalized based upon the inddgbatam current. The
yield values were then corrected for the volume of the aliquotwtastcounted and the
decay of the isotopes during chemistry and measurement of theamples. These
values were compared to a series of trials in which the @esas dissolved directly into
3.0 mL of agueous phase and subsequently counted, without chemistry being gukrform
The amount Nb or Ta observed in each sample comprB&kh of the expected activity.
3. Results and Discussion
3.1. Extraction Kinetics

Extraction yields as a function of phase contact time (rgixime) were studied
for both of the systems. Mixing times of 10 — 60 s were used fonvkstigation of Nb,

while Ta was studied over times ranging from 10 — 90 s. €haelts of the kinetics
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experiments are shown in Figures 3 and 4 for the HDEHP syatairin Figures 5 and 6
for the BEHP system.

Equilibrium in the HDEHP system was not observed for Ta at acy
concentration up to the maximum 90 s mixing time (See Fig. 4). moairg of time
needed for equilibrium to be reached in the Nb-HDEHP systepended upon the acid
concentration used (See Fig. 3). At 1 -6 M HCI equilibrium washed within 30 s,
whereas equilibrium was reached within 20 s at 9 M HCl and 10 s at 11 M HCI.

Equilibrium times of <10 s were observed at all acid concentratdren the
extraction of Nb with BEHP studied (See Fig. 5). For Ta-BEthe amount of time
needed to reach equilibrium was dependent upon the acid concentratioRidSég
Equilibrium was reached within 40 s at 1, 3 and 6 M HCI, and not observed @(lfs at
HCI concentrations of 11 and 9 M.

Based on these results, a mixing time of 60 s was chosen fairne&pts with
Nb, ensuring equilibrium regardless of acid concentration. Xngitime of 90 s was
chosen for the tantalum experiments, as the short half-lif€’td prevented mixing for
longer times.

3.2.  Niobium

The extraction of Nb into 0.01 M HDEHP or 0.01 M BEHP in chloroform was
studied over a range of 1-11 M HCI. The results of these expesneatshown in
Figure7. Low extraction yields of Nb by BEHP were observed. figbest yields of
(15+1)% and (10£1)% were observed at 11 and 1 M HCI, respectively, &/MleHCI
had the lowest yield of (2.6+0.3)%. For the extractions with HDER# pbserved yield

was greater than 90% for the three lower acid concentrationdigated (1, 3, and 6 M
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HCI). When the acid concentration was increased above 6 M HCljellds decreased
to (55+2)% at 9 M HCIl and (15+1)% at 11 M HCIl. The results from theEHP
extractions are in agreement with those shown by Kimura whewasdbextracted from
HCI solutions into 50% HDEHP in toluene [14]. However, Basal observed that the
Nb extraction yield increased from 18.6 to 32.2 % as the HCI coatientrwas
increased from 0.8 to 5.6 N when using an organic phase of 0.01 M HDEHBbam ca
tetrachloride [13]. Both studies were performed using tracer lev&isliof
Experiments with macroscopic amounts of Nb have determined hbaiNb
species change from polymeric cationic complexes basddb¢®H),Cl; and NbOCI;
at low HCI concentrations to neutral complexes IKb(OH),Cl, around 3 — 6 M HCI
[3]. At 6 -9 M HCI, the predominant species alusion is Nb(OH),Cl, [4, 22] and is
replaced byNbOCI,, NbOCE and NbCl; above 11 M HCI [6]. Campderrdt. al
suggest the formation of cationldNbOCI;, complexes if the Hconcentration is raised
above 8 M HCI [23]. From what is known about Nomgdex formation, HDEHP and
BEHP, the following general mechanisms for theatton of Nb by HDEHP and BEHP
can be postulated:
1. lonic association of HDEHP dimers with cationic qoexes at low HCI
concentrations:
Nb(OH),Cl%., + H(DEHP) 3y <> Nb(OH),Cl,(H(DEHP),) 0 (3)
NbOCI, + H(DEHP) 3,y <> NDOCL (H(DEHP),) o) 4)
2. Adduct formation of neutral complexes and HDEHP elisnor BEHP at
3-6 MHCI:

NDB(OH),Cl .y + HDEHP, oy <> ND(OH),Cl,(HDEHP), 0. (5)
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Nb(OH),Cl;,, + BEHR,, <> Nb(OH),CIl;(BEHP) 6)

3. lonic association of HDEHP dimers with cationic q@exes at high HCI
concentrations:

HNbOCI,, + H(DEHP) 3, <> HNbOCL(H(DEHP),) o) (7)

Based upon our data, we can determine which mesinanicontribute to the total
extraction. As BEHP only extracted small quanditief Nb, we conclude that

Nb(OH),Cl ., is either not present in large amounts, or isexétactable through adduct

formation with BEHP and HDEHP, thus eqgs. (5) andd® not significantly contribute to
the extraction. We also observed a decreasingaaidn yield above 6 M HCI,
suggesting that cationic Nb species are not prasestlution, and by extension, that eq.
(7) does not contribute significantly to the extiae. Thus, egs. (3) and (4) present the
dominant extraction mechanisms.
3.3. Tantalum

Tantalum was extracted into solutions of 0.01 M HiPEor 0.01 M BEHP in
chloroform from 1-11 M HCI. The results are shawFigure7. For the extractions with
BEHP, the yield decreased from 1 to 3 M HCI anddpegncreasing after the HCI
concentration was raised above 6 M. A maximumaexion of (68+2)% was observed
for 11 M HCI and a minimum of (11+1)% at 3 and 6 HHCl. Over the whole acid
concentration range studied, the extraction of y&HDEHP remained above 78%. A
similar extraction pattern by HDEHP was seen frastutsons of up to 1 M HCI in
experiments by Kimura [14], however extraction ggelwere below those observed in
this work. Das also investigated the extractionTaf by 0.01 M HDEHP in carbon

tetrachloride and observed a decreasing extragtedd when the HCI concentration was
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raised above 1.6 N HCI [13]. Both of these experits were performed usin§’Ta,
produced in the neutron irradiation 8fTa, and contain significant amounts of carrier.
Differences between the experiments presented 3n I4] and those presented in this
work are likely due to formation of different Tamplexes. When Ta is present in
solution in macroscopic amounts, the formation olypuclear species in the form of
(TaO.,Cl4nCl), hinders its extraction [24]. In this work, the Tancentration was
~10% M, preventing the formation of polynuclear specida addition, the kinetics of
forming complexes with O and OHre slow. As such, on-line produced Ta may have
fewer of these complexes than off-line tracer sohs.

The data from the HDEHP and BEHP extractions in Fighow that Nb and Ta
have similar chemical behaviorsé M HCI. This indicates that Nb and Ta form simila
complexes ak6 M HCI, leading to the conclusion that Tizay beforming complexes

cationic such asTa(OH),Cl; and TaOCE. In addition, Campderrést. al have
suggested thafTa(OH)CI, exists at low HCI concentrations and can beaeigd by

tributyl phosphate [23], a neutral complex exclamgmilar to BEHP. Based on these
assumptions, the following mechanisms carntdygatively postulated for extractions at
<6 M HCI:

1. lonic association of HDEHP with cationic complexes:

TaOCly,, + H(DEHP) 3,y <> TaOCL(H(DEHP),) o (8)
Ta(OH),Cl%., + H(DEHP),, <> Ta(OH),Cl, (H(DEHP),) o) (©))

2. Adduct formation with BEHP at low HCI concentratson

Ta(OH),Cl,, + BEHP,, <> Ta(OH),CI(BEHP),, (10)
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At high acid concentrations, anionic Ta complexésutd be the dominant
species in solution. Electrodialysis experimenasehshown that Ta begins to form
anionic species at acid concentrations approximdtéll higher than those seen for Nb

[25, 26]. This would suggest the formation B&(OH),Cl, at >6 M HCI, TaOCl, at

> 8 M HCIl andTaCl; above 12 M HCI [2]. We observed high extractidira by both
HDEHP and BEHP at acid concentrations from 9 - 1liMicating that HDEHP and
BEHP either neutral complexes or that the formataincationic species becomes
favorable again with increasing hydrogen ion cotegion. If Ta has the tendency to
form cationic complexes analogous to those obseiwed\b at high hydrogen ion
concentrations, such d&3TaOCE, then the high extraction yieldsay beexplained by
ionic association of HDEHP and BEHP with cationsenplexes:

HTaOCl,, + H(DEHP) ;. <> HTaOCL(H(DEHP),) (11)
HTaOCl, + Cluy + BEHR,,, <> HTaOCLCI(BEHP) o, (12)

4. Conclusion

The extraction of group 5 elements, Nb and Ta, fraeid media by
0.01 M HDEHP and 0.01 M BEHP was investigated &snation of HCI concentration
and phase mixing time in this work. Different beiloas for Nb and Ta were observed
when comparing extraction yield as a function oking time, as well as a function of
HCI concentration. By increasing the HCI conceiirg it was possible to observe the
decrease in the formation of cationic species for NFor Ta the existence of highly
extractable species was observed up to 11 M HCgravithe formation of anionic Ta
species should dominate. The higher acid condengprovide suitable separation of

Nb and Ta for both of the systems investigateds &lso possible to use the higher acid
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concentrations to investigate the kinetics of dubnand determine its similarity to Nb or

Ta.
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b) H
Figure 1: Chemical structure of a) bis(2-ethylhgxydrogen phosphate (HDEHP) and

b) bis(2-ethylhexyl) hydrogen phosphite (BEHP).
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symbols.
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Figure 6: Extraction of tantalum from solutions df(c), 3 (A), 6 (V), 9 () and
11 (1) M HCI by 0.01 M BEHP in CHGlas a function of mixing time. Error bars are

smaller than the symbols.
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Figure 7: Comparison of extraction yields for niob (m,e, after 60 s mixing) and
tantalum @,o, after 90 s mixing). The organic phase was 0.0HDMEHP @,0) and
0.01 M BEHP ¢,0) in CHCk. The aqueous phase consisted of 1 - 11 M HQlorbars

are shown when larger than the symbols.



